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ABSTRACT
While the effect of rotation on spectral lines is complicated in rapidly-rotating stars
because of the appreciable gravity-darkening effect differing from line to line, it is
possible to make use of this line-dependent complexity to separately determine the
equatorial rotation velocity (ve) and the inclination angle (i) of rotational axis. Al-
though line-widths of spectral lines were traditionally used for this aim, we tried in this
study to apply the Fourier method, which utilizes the unambiguously determinable
first-zero frequency (σ1) in the Fourier transform of line profile. Equipped with this
technique, we analyzed the profiles of He i 4471 and Mg ii 4481 lines of six rapidly-
rotating (ve sin i ∼ 150–300 km s
−1) late B-type stars, while comparing them with the
theoretical profiles simulated on a grid of models computed for various combination
of (ve, i). According to our calculation, σ1 tends to be larger than the classical value
for given ve sin i. This excess progressively grows with an increase in ve, and is larger
for the He line than the Mg line, which leads to σHe1 > σ
Mg
1 . It was shown that ve
and i are separately determinable from the intersection of two loci (sets of solutions
reproducing the observed σ1 for each line) on the ve vs. i plane. Yet, line profiles alone
are not sufficient for their unique discrimination, for which photometric information
(such as colors) needs to be simultaneously employed.
Key words: line: profiles – stars: atmospheres – stars: early-type – stars: rotation –
stars: individual (17 Tau, α Leo, β CMi, η Aqr, η Tau, ζ Peg)
1 INTRODUCTION
In the widely used conventional treatment assuming the in-
variant line profile over the disk along with the circular-
symmetric brightness distribution of limb-darkening (valid
for slow rotators), the effect of stellar rotation on a spec-
tral line is quite simple, which can be universally expressed
by convolution of the rotational broadening function with
the intrinsic profile (see, e.g., Gray 2005). In this case, the
equatorial rotational velocity (ve) and the projection factor
(sin i, where i is the inclination angle of the rotation axis
relative to the line of sight) always appears as both product
(ve sin i), and their separation is impossible.
Meanwhile, for the case of rapid rotators (e.g., ve ∼ 100–
400 km s−1) commonly seen in early-type stars, such an ap-
proximation is no more valid in the practical sense, because
⋆ Based on observations carried out at the Okayama Astronomi-
cal Observatory of National Astronomical Observatory of Japan.
† E-mail: takeda.yoichi@nao.ac.jp
the gravity-darkening effect (i.e., temperature inhomogene-
ity on the surface) causes an appreciable variation in the
strength and profile of spectral lines on the stellar disk, the
extent of which is considerably line-dependent. Accordingly,
the effect of rapid rotation on a spectral line is so compli-
cated as to be treated only by detailed numerical calcula-
tions based on a properly designed gravity-darkened stellar
model. In compensation for this complexity, however, sepa-
rated determination of ve and i may be possible by simulta-
neously analyzing the profiles of two or more lines of different
temperature sensitivity.
Actually, several investigators challenged this delicate
and difficult task of ve–i separation by carefully analyzing
the spectral lines: Stoeckley (1968a) studied five rapidly ro-
tating B and A-type stars by using He i 4471, Mg ii 4481,
and Ca ii 3934 lines. Hutchings & Stoeckley (1977) exam-
ined the UV lines based on the Copernicus data (and also
lines in the visual region) for 20 stars of mostly B-type. Ru-
usalepp (1982) computed the half-width of He i 4471 and
Mg ii 4481 lines for various model parameters and applied
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to 19 early B-type stars. Stoeckley & Buscombe (1987) ex-
tended the previous work of Stoeckley (1968a) and analyzed
the He i 4471 and Mg ii 4481 lines of 19 rapidly-rotating
B-type main-sequence stars, where they also tried to detect
the degree of differential rotation (in addition to indepen-
dent determination of ve and i).
Somewhat surprisingly, observational investigations of
this kind seem to have been barely done since then over
these 30 years, as far as we know,1 When we review these old
studies from the aspect of current knowledge, some points
are noticed, which may have room for further improvement.
First, rather rough interpolation appears to have been
adopted in the simulation of spectral line profiles in gravity-
darkened stellar photospheres, which requires integrations
of local spectra at many points over the visible stellar disk.
Presumably, this is due to the limitation of computational
capacity at the time. It may be possible nowadays to imple-
ment more realistic computations; e.g., by using our code
developed for simulating the gravity-darkened spectrum of
Vega (Takeda, Kawanomoto & Ohishi 2008).
Second, these previous studies employed “line widths”
(mostly half-width at the half maximum of the line depth)
for their analysis. However, precisely measuring the line
width suffers practical difficulties for the relevant case of
rapid rotators characterized by very wide and shallow pro-
files of merged line features, because it critically depends
on the continuum level, for which exact determination is
not easy. Given this situation, it occurred to us to apply the
Fourier method, which utilizes the frequencies corresponding
to the zero amplitude in the Fourier transform of a line pro-
file, because these zero-frequencies are easily determinable
from the amplitude vs. frequency diagram.
It appears that this Fourier approach has not been so
popularly applied to early-type stars, which is presumably
related to the problem involved with rapid rotators com-
monly seen in hot stars. As well known, its merit for rota-
tional velocity study is especially manifest when the emer-
gent line flux profile (Fλ) is expressed by convolution of the
intrinsic stellar flux profile (Tλ) and the rotational broaden-
ing function (Gλ). That is, the value of ve sin i can be deter-
mined directly from the zeros of observed f(σ) (transform
of Fλ) without any necessity of deconvolving Tλ, because
the zeros of g(σ) (transform of Gλ) are automatically in-
herited to f(σ) in the Fourier space where “convolution” in
the wavelength space simply turns into “multiplication.” It
should be remarked, however, that this conventional treat-
ment using the classical rotational broadening function [cf.
Eq. (18.14) in Gray (2005)] is based on the assumptions that
(i) the line profile has the same shape at any point on the
stellar disk and (ii) the brightness distribution on the stellar
disk is circularly symmetric to be represented by a simple
limb-darkening law, which are evidently not valid any more
for rapid rotators showing considerable gravity darkening as
well as rotational distortion. Actually, we know only a few
trials of Fourier analysis for ve sin i determination with the
1 Vinicius, Townsend & Leister (2007) reported their preliminary
results for the rotational inclination of five early B-type (Be) stars
determined from the strengths (not the widths) of various spectral
lines, though they do not appear to have published the details of
their analysis.
classical rotational broadening function in the field of hot
stars; e.g., Simo´n-Dı´az & Herrero (2007) for OB stars or
Dı´az et al. (2011) for A-type stars. If line profiles of rapidly
rotating stars are to be adequately analyzed, special consid-
erations had to be made toward derivation of specific rota-
tional broadening function, such as done by several investi-
gators (cf. Stoeckley & Mihalas 1973; Collins & Truax 1995;
Levenhagen 2014).
Given this situation, we decided to carry out a feasi-
bility study to examine whether it is possible to separately
determine ve and i based on the Fourier analysis of line
profiles for selected six rapidly-rotating late B-type stars,
since such a trial seems to have been barely made to our
knowledge.2 For this purpose, we calculated a set of the-
oretical profiles on a grid of gravity-darkened models for
various combinations of (ve, i). Here, we focus only on He i
4471 and Mg ii 4481 lines, which are suitable for the present
aim and actually have been widely used so far. Our strat-
egy is to compare the zeros in the Fourier transforms of the
observed and the numerically simulated profiles directly to
each other, In this sense, our analysis (except for the first
preparatory analysis following the conventional procedure)
is irrelevant to the concept of rotational broadening function
(whichever classical or special) used to model the line profile
by convolution. Yet, we also examine how the zeros in the
Fourier transforms of the realistically computed line profiles
of rapid rotators are compared with those of the classical
rotational broadening, which would be worthwhile for eval-
uating the accuracies of apparent ve sin i values derived from
the conventional treatment.
The remainder of this paper is organized as follows.
Our observational data of six target stars are described in
Sect. 2. In Sect. 3 are presented the results of our prepara-
tory analysis following the standard procedure (parameter
determination from colors, examination of positions on the
HR diagram, spectrum-fitting analysis by using the classi-
cal rotational broadening function, evaluation of equivalent
widths, etc.). Profile simulations of He 4471 and Mg 4481
lines based on gravity-darkened models and Fourier trans-
form calculations of observed as well as theoretical profiles
are explained in Sect. 4. Sect. 5 is the discussion section,
where the characteristics of first-zero locations are exam-
ined, and we try separate determinations of ve and i by
comparing the observed first-zero frequency with the theo-
retical grid. The summary of this investigation is given in
Sect. 6.
2 We note that several researchers have recently conducted
sophisticated modeling of theoretical line profiles for rapidly-
rotating B-type stars under the effect of gravity darkening, and
also investigated the possibility of Fourier transform method for
extracting in-depth information of stellar rotation such as the na-
ture of differential rotation (e.g., Domiciano de Souza et al. 2004,
Zorec et al. 2011, 2017). However, these studies placed emphasis
on simulations of model profiles with particular intention of ap-
plying to Be stars based on combined interferometric and spec-
troscopic observations, which are thus somewhat different from
the topic under question.
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2 OBSERVATIONAL DATA
As the targets of this study, we selected 6 apparently bright
(V ∼ 1–4) late B-type stars (spectral type of B6–B9 and
luminosity classes of III–V; cf. Table 1), all of which are
known to be rapid rotators with ve sin i ∼ 100–300 km s
−1
(e.g., Abt, Levato & Grosso 2002).
Note that 3 stars (η Tau, β CMi, 17 Tau) out of these
6 program stars are classified as classical Be stars accord-
ing to Jaschek & Egret’s (1982) catalogue. Actually, we can
confirm the existence of appreciable emission component in
Hα in the spectra of these 3 stars (especially for η Tau and
β CMi).3 Accordingly, we should keep in mind a possibil-
ity that the spectra may be contaminated by circumstellar
Be disk for these stars. However, we consider that such an
effect (even if any exists) is presumably not significant for
the He 4471/Mg 4481 lines, because no particular anomaly
is seen in the strengths of these He and Mg lines for these
Be stars as compared to those for other normal B stars (cf.
Sect. 3.2).
The observations were carried out on 2006 November 1
(β CMi, η Tau), 2 (ζ Peg), and 4 (17 Tau, α Leo, and η Aqr)
by using the HIgh-Dispersion Echelle Spectrograph (HIDES;
Izumiura 1999) at the coude´ focus of the 188 cm reflector of
Okayama Astrophysical Observatory (OAO). Equipped with
a 4K×2K CCD detector at the camera focus, the HIDES
spectrograph enabled us to obtain an echellogram covering
a wavelength range of 3860–4630 A˚ with a resolving power
of R ∼ 70000 (case for the normal slit width of 200 µm) in
the mode of blue cross-disperser. The total exposure time
for each star ranged from 6 min to 100 min depending on
the stellar brightness or the weather condition.
The reduction of the spectra (bias subtraction, flat-
fielding, scattered-light subtraction, spectrum extraction,
wavelength calibration, co-addition of frames to increase the
S/N ratio, and continuum normalization) was performed by
using the “echelle” package of the software IRAF4 in a stan-
dard manner. The S/N ratios of the finally resulting spectra
turned out to be sufficiently high for the present purpose
(& 500 for most stars at the 4450–4500 A˚ region).
3 CONVENTIONAL MODEL ATMOSPHERE
ANALYSIS
Before going into the Fourier analysis of spectral line pro-
files, we first conducted a preparatory study following the
conventional manner, in order to grasp the basic character-
istics of program stars.
3.1 Stellar parameters
The effective temperature (Teff) and the surface gravity
(log g) of each star were determined from the colors of
Stro¨mgren’s uvbyβ photometric system with the help of
3 See, e.g., the spectral collection of Be stars available at
http://www.astrosurf.com/buil/us/becat.htm .
4 IRAF is distributed by the National Optical Astronomy Obser-
vatories, which is operated by the Association of Universities for
Research in Astronomy, Inc. under cooperative agreement with
the National Science Foundation.
Napiwotzki, Sco¨nberner, and Wenske’s (1993) uvbybetanew
program5, where the observational data of b − y, c1, m1,
and β were taken from Hauck and Mermilliod (1998) via the
SIMBAD database. The resulting Teff and log g are summa-
rized in Table 1.
We also estimated the luminosity (L) of these stars by
using the Hipparcos parallaxes (ESA 1997) along with the
extinction correction (Arenou, Grenon & Gomez 1992) and
bolometric correction (Flower 1996), as done by Takeda et
al. (2010). These logL values are plotted against log Teff in
Fig. 1, where Ekstro¨m et al.’s (2012) theoretical evolutionary
tracks for both rotating and non-rotating models are also
depicted. We can see from this figure that the masses of our
sample stars are in the range between ∼ 3 M⊙ and ∼ 5 M⊙.
By comparing M and log g, we find that the radius values
are R ∼ 3–6 R⊙ for most stars (excepting η Tau, for which
R ∼ 10 R⊙).
3.2 Synthetic spectrum fitting
Then, spectrum-synthesis analysis was carried out for the
He 4471+Mg 4481 line feature in the same manner as de-
scribed in Sect. 4.2 of Takeda et al. (2010). That is, while
applying the optimization algorithm described in Takeda
(1995), we determined the solutions of A(He) (He abun-
dance), A(Mg) (Mg abundance), ve sin i (projected rota-
tional velocity), and ∆λ (radial velocity shift) accomplishing
the best fit between the theoretical and observed spectra,
where the rotational broadening was treated by convolving
the intrinsic flux profile with the rotational broadening func-
tion (limb-darkening coefficient of ǫ = 0.5). Neither the in-
strumental broadening nor the macroturbulence broadening
was taken into account, which are negligible compared to
the rotational broadening.
The model atmosphere for each star used for this analy-
sis was constructed by two-dimensionally interpolating Ku-
rucz’s (1993) ATLAS9 model grid (solar-metallicity models)
in terms of Teff and log g. Regarding the He i 4471 line (mul-
tiplet No. 14; χlow = 20.96 eV), we adopted the total gf
value (summed over components) of 1.13 (cf. Table 2b of
Takeda 1994) and the opacity profile (with forbidden com-
ponents) broadened by Stark damping was treated accord-
ing to Barnard, Cooper & Smith (1974). As to the atomic
line data for Mg ii 4481 (Multiplet No. 4; χlow = 8.86 eV),
we consulted the VALD database (Ryabchikova et al. 2015),
which gives log gf = +0.740, −0.560, and +0.590 for the
components at 4481.126, 4481.150, and 4481.325 A˚, respec-
tively. The microturbulent velocity was fixed at 2 km s−1.
We assumed LTE throughout this study. The non-LTE
effect for the He 4471 and Mg 4481 lines is not likely to be
important as far as late-B stars are concerned, even though
it should act in the direction of intensifying the strengths of
lines for both cases. According to Auer & Mihalas (1973),
the non-LTE increase in the equivalent width for the He 4471
line is only ∼ 5% for the model of Teff = 15000 K and
log g = 4.0, which becomes even less significant as Teff is
lowered. Regarding the Mg 4481 line, the non-LTE abun-
dance correction for the A0V star Vega (Teff ≃ 9500 K and
log g ≃ 4.0) was reported to be ∼ −0.1 dex (Gigas 1988) or
5 〈http://www.astro.le.ac.uk/˜rn38/uvbybeta.html〉.
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∼ −0.2 dex (Przybilla et al. 2001), which corresponds to a
non-LTE intensification of equivalent width (W ∼ 300 mA˚)
by ∼ 5–10%. Since this non-LTE effect decreases with an
increase of Teff (i.e., with a decrease in W ), it would be in-
significant in the regime of late B-type stars, which is also
supported by Mihalas’s (1972) calculation for mid- through
early-B stars.
How the best-fit theoretical spectrum (corresponding
to the converged parameter solutions) matches the observed
one for each star is shown in Fig. 2. It is instructive to note
that an apparently satisfactory fit can be achieved even by
such a classical modeling using a plane-parallel model at-
mosphere for given Teff and log g, if A(He), A(Mg), ve sin i,
and ∆λ are adequately adjusted. This means that separate
determination of ve and i is a very delicate matter, which is
hardly discernible by simply eye-inspecting the line profiles.
We also computed the equivalent widths W (He 4471) and
W (Mg 4481) inversely from the converged solutions of A(He)
and A(Mg) as done in Takeda et al. (2010; see Sect. 4.3
therein). The resulting values of ve sin i,W (He), andW (Mg)
are presented in Table 1. Such derived W values are plot-
ted against Teff in Fig. 3, where the theoretical relations are
also depicted. We can see from this figure that the trend of
W with a change in Teff is roughly in agreement with the
theoretical prediction.
4 FOURIER ANALYSIS OF SPECTRAL LINES
4.1 Transform of line profiles
On both sides of a line for given flux spectrum F (λ), we se-
lect two reference wavelengths (λ1 and λ2), at which we may
regard F (λ1) and F (λ2) as the level of pseudo-continuum.
The normalized line depth R(λ) is defined within a limited
range of λ1 6 λ 6 λ2 as
R(λ) ≡ 1− F (λ)/Fc (1)
(while R(λ) ≡ 0 outside of this range), where Fc is the linear-
interpolation of F (λ1) and F (λ2) in terms of λ:
Fc ≡
λ2 − λ
λ2 − λ1
F (λ1) +
λ− λ1
λ2 − λ1
F (λ2). (2)
The Fourier transform of R(λ) is expressed as (see, e.g., Gray
2005)
f(σ) ≡
∫ ∞
−∞
R(λ) exp(2πiσλ)dλ. (3)
Regarding the choice of reference points in the observed
spectrum, we paid attention to the critical wavelength (λ∗)
of highest flux level between the He 4471 and Mg 4481 lines
(around ∼ 4476–4478 A˚), and equated as λHe2 = λ
Mg
1 = λ
∗,
from which λHe1 and λ
Mg
2 were so chosen as to be symmet-
ric relative to the line wavelength. The relevant reference
wavelengths (λHe1 , λ
∗, and λMg2 ) we adopted for each star
are marked by green crosses in Fig. 2.
Fig. 4 illustrates the amplitudes of the computed
Fourier transforms |f(σ)| for the observed profiles of He 4471
and Mg 4481 lines as functions of σ for each star. We can see
that the critical frequency (σ1) corresponding to the first-
zero of f(σ) is clearly recognized by the cuspy feature and
easily determinable. The measured values of σ1 are given in
Table 1.
4.2 Spectrum simulation with gravity-darkened
models
Regarding the modeling of rotating stars with gravity dark-
ening, we adopt the same assumption and parameteriza-
tion described in Sect. 2.1 and 2.2 of Takeda, Kawanomoto
& Ohishi (2008). Our model (Roche model with the as-
sumption of rigid rotation) is characterized by stellar mass
(M), polar radius (Rp), polar effective temperature (Teff,p),
and equatorial rotational velocity (ve), which suffice to ex-
press the surface quantities [r(θ), Teff(θ), g(θ), v(θ)] as func-
tions of θ (colatitude angle). Regarding the exponent β
in the relation Teff ∝ g
β determining the degree of grav-
ity darkening, we used the Teff -dependent analytical for-
mula [β = f(Teff)]
6 based on Fig. 5 of Claret (1998) as
done in Takeda, Kawanomoto & Ohishi (2008; cf. footnote 2
therein). Since different model atmosphere corresponding to
the local (Teff , g) is defined at each point on the surface, we
can compute the flux profile to be observed by an external
observer by integrating the emergent intensity profile over
the visible disk for any inclination angle (i) of the rotational
axis, while using the program CALSPEC (see Sect. 4.1 in
Takeda, Kawanomoto & Ohishi 2008). As such, in order to
compute a spectrum, it is necessary to specify five parame-
ters: M , Rp, Teff,p, ve, and i.
Given that our main purpose is to examine the feasi-
bility of spectroscopically separating ve and i, it is requisite
to accomplish a sufficient number of grid regarding these
two parameters, while changing other parameters is not nec-
essarily important as long as their effects on line profiles
are comparatively insignificant. Therefore, considering the
ranges of M and R estimated in Sect. 3.1, we assume M =
4.0 M⊙ and R = 4.0 R⊙ as fixed. Since the photometric Teff
derived from colors (∼ 11000-13000 K; cf. Table 1) should
reflect the mean Teff averaged over the visible disk, the polar
Teff,p must be appreciably larger, though the difference in-
tricately depends upon ve and i. We tentatively assume two
Teff,p cases of 12000 K and 15000 K, hoping that they suffi-
ciently cover the temperature range of 6 program stars. Ac-
cordingly, adopting the same line data and the assumptions
as described in Sect. 3.2 along with the solar abundances
of He and Mg, we computed 120 (= 6 × 10 × 2) spectra of
He 4471+Mg 4481 line feature, corresponding to combina-
tions of 6 ve values (100, 150, 200, 250, 300, and 350 km
−1),
10 i values (0, 10, 20, 30, 40, 50, 60, 70, 80, and 90◦), and
2 Teff,p values (12000 K and 15000 K). The parameters of
these models are listed in Table 2, where the corresponding
values of 〈Teff〉 (intensity-weighted average of Teff over the
6 According to this formula, β becomes equal to von Zeipel’s
value of 0.25 at the higher Teff region of log Teff > 0.9 (Teff >
7943 K). Since most of our models fall in this Teff range (though
the minimum Teff is 7204 K in the exceptional case), we may
say that the simple von Zeipel’s law was adopted for almost all
models. However, we should keep in mind a possibility that actual
β may deviate from the von Zeipel value (0.25) even at such a
higher Teff range where the radiative equilibrium holds in the
stellar envelope, That is, according to Espinosa Lara & Rieutord’s
(2011) calculation, β is a function of rotational flattening in the
sense that β progressively decrease from ∼ 0.25 (no rotation) to
∼ 0.15 (near to the rotational break-up limit). If this is really the
case, the simple application of β = 0.25 to rapidly rotating stars
may lead to an overestimation of gravity darkening.
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visible disk) are also presented. Several selected examples of
the resulting spectra are depicted in Fig. 5.
The wavelengths of the reference pseudo-continuum,
necessary for reducing the normalized profile, were defined in
almost the same way as in Sect. 4.1: Having found the critical
wavelength λ∗ corresponding to the maximum level between
these two lines, we set [λHe1 , λ
He
2 ] = [4471− (λ
∗ − 4471), λ∗]
and [λMg1 , λ
Mg
2 ] = [λ
∗, 4481 + (4481 − λ∗)] . The Fourier
transforms were then calculated for the resulting R(λ) pro-
files of He 4471 and Mg 4481 lines. Fig. 6 illustrates the
behaviors of |f(σ)| as function of σ for the same selected
cases as in Fig. 5. The first-zero frequencies (σ1) measured
from the computed transforms are presented in Table 2.
5 DISCUSSION
5.1 Characteristics of first-zero frequencies
We first discuss the trend of theoretical σ1 modeled
in Sect. 4.2. Since this quantity is expressed as σ1 =
0.660/(λve sin i/c) in the classical approximation, the pro-
jected rotational velocity (or the line-width for the case of
rotation-dominated broadening) plays the most significant
role, though its precise value is affected also by the pro-
file shape. The resulting values of σ1 corresponding to the
theoretical line profiles simulated on the gravity-darkened
models are plotted against ve sin i in Fig. 7, where the clas-
sical σ1 vs. ve sin i relation is depicted by a slanted solid
line and the observed σ1 values for 6 stars are indicated by
horizontal dashed lines.
We can see from this figure that the σ1 values of the
simulated spectra closely follow the classical relation (i.e.,
inversely proportional to ve sin i), as long as ve sin i is small
(e.g., up to several tens km s−1), σ1, though appreciable
deviations (σ1 tends to be larger than the classical value)
reflecting the gravity-darkening effect begin to be recog-
nized as ve sin i becomes larger. A closer inspection of the
figure reveals that (i) the extent of deviation is essentially
determined by ve, (ii) this discrepancy is more manifest for
He 4471 than for Mg 4481, and (iii) no significant differ-
ence exists regarding the trend of σ1 between the Teff,p =
12000 K and 15000 K cases (though the deviation being
slightly larger for the former).
The fact that σ1 tends to be in excess of the classi-
cal value is reasonably explained by considering the physi-
cal effect caused by gravity darkening. In the rotationally-
broadened spectral lines, the line width is mainly deter-
mined by maximum Doppler velocity caused by rotation
(i.e., ve sin i), to which the low-latitude region near to the
equator makes most significant contribution because the ab-
solute rotational velocity is largest there. In the case of rapid
rotators with large ve, these equatorial regions are consider-
ably darkened and thus their contribution to line broadening
becomes lessened. Accordingly, the width becomes narrower
compared to the classical case, which eventually shifts σ1
to a larger value. Moreover, this effect is further amplified
for the case of He 4471, because the strength of this line
quickly drops as Teff is lowered (cf. Fig. 3). Consequently,
the inequality relation σHe1 > σ
Mg
1 holds for rapid-rotator
models, which is actually observed in our program stars (cf.
Fig. 4).
Another important implication read from Fig. 7 is
that σ1 tends to be stabilized at the high-rotation limit
(& 300 km s−1), in the sense that σ1 does not effectively
decrease (or line width does not effectively increase) any
more no matter how the rotational velocity is increased,
which is because two effects (increase of rotation and en-
hanced gravity darkening) on the width counteract with
each other and tend to be cancelled. Actually, this effect was
first pointed out by Stoeckley (1968b) and also confirmed by
Townsend, Owocki & Howarth (2004); i.e., rotational veloc-
ities of rapidly-rotating stars (especially those close to the
limit) may be significantly underestimated if simply deter-
mined from the apparent line widths.
5.2 Separation of rotation and inclination
Now that we have theoretical σ1 values as functions of ve
and i for He 4471 as well as Mg 4481 lines, we can compare
them with the observed σ1. Then, a possible set of (ve, i)
solutions is expressed as a locus on the ve vs. i plane by
solving the equation σth1 (ve, i) = σ
obs
1 for each line, from
which (ve, i) may be established from the intersection of two
loci on the plane. Such constructed loci (displayed in Fig. 8),
and the estimation of (ve, i) values (summarized in Table 1)
are discussed below star by star.
5.2.1 ζ Peg
Fig. 8a and Fig. 8a’ represent the characteristic difficulty
involved with this analysis. Since the loci derived for He
and Mg lines are rather similar in shape, the intersection
is not clearly defined. To our embarrassment, this similar-
ity brings about a marked difference of (ve, i) solution de-
pending on Teff,p, despite that σ1 is not so sensitive to it
(cf. Sect. 4.2). That is, (∼150–200 km s−1, ∼50–60◦) for
12000 K and (∼250–300 km s−1, ∼30–40◦) for 15000 K, For-
tunately, however, the former (more equator-on-like slower
rotation) and the latter (more pole-on-like faster rotation)
yield distinctly different 〈Teff〉; i.e., ∼11200–11500 K and
∼13000–13700 K according to Table 2. Comparing these
with T coloreff of ∼12700 K, we can guess that the actual solu-
tion would be almost the intermediate between these two as
(∼200–250 km s−1,∼40–50◦). Stoeckley & Buscombe (1987)
derived [195 (158–246) km s−1, 54 (40–90)◦] for this star,
nearly consistent with our result.
5.2.2 η Aqr
This star has the largest ve sin i of ∼ 290 km s
−1 among
our 6 sample stars. Unfortunately, we were unable find the
solution for this star, because the σobs1 values (0.172 for He
and 0.153 for Mg) are too small to be covered by the grid of
σth1 (see Fig. 7). The reason for this incompatibility is not
clear. It might be possible that the physical condition can
not be adequately described by our modeling for such case of
very rapid rotator. Alternatively, there might be systematic
errors in the measurement of σ1 for such case of especially
large ve sin i, because He and Mg lines tend to somewhat
merge in-between (Fig. 2). In this context, the ambiguity in
the measurement of σHe1 would be larger than σ
Mg
1 , because
the cuspy feature near to the zero amplitude is less sharp
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for the former than the latter (cf. Fig. 4b). As a test, we in-
creased the original σHe1 arbitrarily by 10% (0.172 → 0.189)
and made a retry. In this case, we could find a solution for
the Teff,p = 15000 K case (but failed again for the 12000 K
case) as shown in Fig. 8b’, which suggests (∼300 km s−1,
∼80–90◦). In any event, we may conclude that this star is
a very rapidly rotating star (ve ∼300 km s
−1 or even some-
what larger) seen nearly equator-on. In such cases, solution
search becomes especially difficult, because i = 90◦ is a sin-
gularity point, in the sense that it can not be encompassed
by i values of the grid. As such, the feasibility of establishing
the solution is quite vulnerable to errors in σ1 or modeling
inadequacies.
5.2.3 η Tau
The (ve, i) for this star appears to be comparatively easier
to embrace. Since the intersection of He and Mg loci lies at
(∼300 km s−1, ∼35◦) for Teff,p = 12000 K (Fig. 8c) and at
(∼350 km s−1, ∼30◦) for Teff,p = 15000 K (Fig. 8c’) and
not much different from each other, we may regard that this
star is a very rapid rotator with ve ∼300–350 km s
−1 seen
from a rather low inclination angle (ı ∼30–35◦).
5.2.4 β CMi
We could not find a reasonable solution for this star. First,
σHe1 is so small (as is the case for η Aqr) and no He-locus
exists for Teff,p = 12000 K (Fig. 8d). Meanwhile, no clear
intersection point can be defined for the Teff,p = 15000 K
case (Fig. 8d’). Although we may roughly speculate from
these figures ve ∼ 250–300 km s
−1 and i ∼ 60–80◦ as the
possible ranges (i.e., rather high inclination angle), any con-
clusion should be withholded. On the other hand, Stoeckley
(1968a) reported (as a tentative conclusion) the aspect angle
of this star to be i ∼30–50◦.
5.2.5 α Leo
Almost the same situation holds for this star as the case
of η Aqr, since the σ1 values are indiscernibly similar to
each other (cf. Fig. 7), which means that no solution ex-
ists because σ1 is outside of the range of the grid. Again,
we increased σHe1 by 10% (0.172 → 0.189) , as a trial and
searched for the (ve, i) solution. Naturally, the results are
essentially the same as the case for η Aqr (compare Fig. 8e’
with Fig. 8b’), suggesting (∼300 km s−1, ∼80–90◦) as a
rough estimate. We may thus at least state that α Leo is
a very rapidly-rotating star seen nearly equator-on. This is
consistent with the previous determinations: (300 km s−1,
90◦) estimated by Hutchings & Stoeckley (1977) from the
widths of UV lines, [285 (270–309) km s−1, 90 (67–90)◦] de-
termined by Stoeckley & Buscombe (1987) from the widths
of He 4471 and Mg 4481 lines, and [317± 3 km s−1, 75–90◦]
concluded by McAlister et al. (2005) based on interferomet-
ric observations.
5.2.6 17 Tau
The behavior of loci on the ve vs. i plane for this star is
similar to the case of ζ Peg. The intersection of He and Mg
loci depends on Teff,p as (∼200 km s
−1, ∼60◦) for 12000 K
and (∼300 km s−1, ∼30–40◦) for 15000 K, each of which
correspond to 〈Teff〉 of ∼11000 K and ∼13000 K according to
Table 2. Considering that T coloreff is ∼12700 K, we conclude
that the latter solution is relevant, which means that this
star is very rapidly-rotating with ve ∼ 300 km s
−1 and seen
with a rather low aspect angle (i ∼ 30–40◦).
5.2.7 Comparison with Zorec et al.’s (2016) results
Zorec et al. (2016) recently studied the rotational velocity
distribution of a large sample of 233 Be stars. They also
separated rotation and inclination for each star by compar-
ing the observed stellar parameters affected by rotation (ef-
fective temperature, surface gravity, luminosity, projected
rotational velocity) with extensive theoretical calculations
based on gravity-darkened stellar models (cf. Appendix E
therein). Since three of our targets are included in their
sample, it is interesting to compare our profile-based results
of axial inclination with their determinations. Comparing
their i values (62 ± 15◦, 66 ± 16◦, and 45 ± 11◦ for η Tau,
β CMi, and 17 Tau, respectively) with our results presented
in Table 1 (∼30–35◦, ∼60–80◦, and ∼30–40◦), we notice an
appreciable disagreement for η Tau, although a reasonable
consistency is seen for β CMi and 17 Tau. This discrep-
ancy for η Tau may be attributed to the fact that this is
an exceptional case of evolved subgiant (R ∼ 10R⊙) among
our sample (cf. Sect. 3.2). Our result for this star would be
less reliable, because theoretical calculations corresponding
to main-sequence B stars (R = 4R⊙) were applied to it like
others.
6 SUMMARY AND CONCLUSION
It is known that the gravity-darkening effect causes an
appreciable latitudinal inhomogeneity on the surface of a
rapidly-rotating star; i.e., lower Teff as well as g at lower
latitude (in short, cool/dark equator and hot/bright pole).
Owing to this effect, the impact of rotation on the shape
of spectral lines is complicated and different from line to
line, and the simple classical treatment (convolution of the
intrinsic profile with the rotational broadening function de-
termined by ve sin i) is no more valid.
From the converse point of view, it is possible to make
advantage of this line-dependent complexity to separately
determine the equatorial rotational velocity (ve) and the in-
clination angle (i) of rotational axis, which is impossible
within the framework of the conventional approximation.
Although several investigators challenged this task several
decades ago, those old studies appear rather outdated as
viewed from the present-day standard, especially in terms
of their policy of simply invoking line-widths and seemingly
insufficient accuracy in simulating line-profiles.
We thus tried to examine in this study whether the
Fourier method, which is a comparatively modern tech-
nique utilizing the unambiguously determinable first-zero
frequency of the Fourier transform of a line profile, is ap-
plicable to this problem of spectroscopically separating ve
and i. Conveniently, since we already have a computer code
of simulating line profiles for a rapidly-rotating star with
distorted surface of inhomogeneous brightness, we can make
c© 0000 RAS, MNRAS 000, 000–000
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use of it. As to the lines to be analyzed, we chose He i 4471
and Mg ii 4481 lines, which have been often used for this
purpose because they are strong and have markedly differ-
ent temperature sensitivity.
Toward this aim, six rapidly-rotating late B-type stars
(ζ Peg, η Aqr, η Tau, β CMi, α Leo, 17 Tau) were selected
as our targets, for which high-dispersion spectra of sufficient
quality are available. We first evaluated Teff and log g from
uvbyβ colors, and then carried out a conventional spectrum-
fitting analysis on the He 4471+Mg 4481 line feature based
on plane-parallel model atmospheres to estimate ve sin i and
the equivalent widths of two lines.
The theoretical line profiles of gravity-darkened rapid
rotators were simulated for a grid of models for various com-
binations of ve (100–350 km s
−1) and i (0–90◦), while typical
values were assumed for other parameters (Teff,p = 12000 K
and 15000 K, Mp = 4.0 M⊙, Rp = 4.0 R⊙). We then com-
puted their Fourier transforms and measured the frequencies
corresponding to the first zero (σ1).
These modeled σ1 values revealed the characteristic
trends, reflecting the gravity-darkening effect and the differ-
ent temperature susceptibility of these lines. (i) They tend
to be in excess of the classical value σcl1 = 0.660/(λve sin i/c)
when compared at a given ve sin i, and this difference pro-
gressively grows with an increase in ve. (ii) The amount of
this excess is larger for He 4471 than for Mg 4481, resulting
in an inequality relation σHe1 > σ
Mg
1 .
Then, by comparing the σ1 of the observed profile with
the theoretical grid of σ1(ve, i) for each of the He 4471 and
Mg 4481 line, we can define two loci on the ve vs. i plane,
from which (ve, i) may be separately determined from their
intersection. We tried this solution search for 6 program
stars, and confirmed that the intersection point is measur-
able, except for the difficult case of largest ve sin i (η Aqr and
α Leo; equator-on case with considerably large ve). However,
since the position of this intersection tends to depend upon
Teff,p, its adequate specification was often necessarily, for
which we compared 〈Teff〉 of the theoretical grid with T
color
eff .
That is, line profiles alone are not sufficient but photometric
information needs to be simultaneously employed.
To conclude, we could show in this investigation that
the Fourier method using the first-zero frequencies in the
transforms of line profiles is effectively applicable to separa-
tion of ve and i. Although this approach is not essentially
different from the traditional method using line widths, it
has a merit that characteristic zero point of the transform is
comparatively easier to measure even for the case of rapid
rotators.
Yet, such a rough feasibility study as attempted in this
paper still has room for further improvements. We enumer-
ate below several issues to be considered in the future.
• Although we employed only He 4471 and Mg 4481 lines,
simultaneously using more lines of different parameter sen-
sitivity would surely improve the reliability of the solutions.
• Our adopted grid of theoretical gravity-darkened mod-
els was rather rough, especially in terms of the parameters
other than ve and i (i.e., Teff,p, Rp), for which much finer
mesh would be required.
• Since the assumption of rigid rotation is not necessarily
guaranteed, additional parameter describing the degree of
differential rotation would desirably be included.
• Similarly, the possibility of rotation-dependence in the
exponent β (see footnote 6), which determines the degree of
gravity darkening, should be seriously investigated.
• In our Fourier analysis of line profiles, we made use of
only σ1, which is nothing but one of the various quantities
characterizing the Fourier transform. It may be possible to
utilize other observables such as the second-zero frequency
or the amplitude of the side lobe.
When advanced analysis has been carried out by adequately
taking account of these points, more realistic and trustwor-
thy results would be expected.
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Table 1. Basic parameters and observed data of program stars.
Name HR# HD# Sp.Type V Tcolor
eff
log gcolor ve sin i W
He
4471
W
Mg
4481
σHe
1
σ
Mg
1
(ve, i)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
ζ Peg 8634 214923 B8 V 3.41 11182 3.65 153 346 329 0.305 0.283 (∼200–250, ∼40–50)
η Aqr 8597 213998 B9 IV-Vn 4.03 11458 3.91 289 450 357 0.172∗ 0.153 (∼300, ∼80–90)
η Tau 1165 23630 B7 III 2.87 11599 2.50 158 546 280 0.340 0.269 (∼300–350, ∼30–35)
β CMi 2845 58715 B8 Ve 2.89 11696 3.42 231 431 323 0.203 0.191 (∼250–300, ∼60–80)
α Leo 3982 87901 B8 IVn 1.40 12223 3.54 276 511 274 0.172∗ 0.152 (∼300, ∼80–90)
17 Tau 1142 23302 B6 IIIe 3.70 12698 3.28 164 851 275 0.287 0.254 (∼300, ∼30–40)
(1) Star name. (2) HR number. (3) HD number. (4) Spectral type from SIMBAD. (5) Apparent visual magnitude
from SIMBAD (in mag). (6) Effective temperature from uvbyβ (in K). (7) Logarithmic surface gravity from uvbyβ
(in cm s−1). (from uvbyβ). (8) Fitting-based projected rotational velocity (in km s−1). (9) Fitting-based equivalent
width of He i 4471 (in mA˚). (10) Fitting-based equivalent width of Mg i 4481 (in mA˚). (11) First-zero frequency of
He i 4471 (in A˚−1). (12) First-zero frequency of Mg ii 4481(in A˚−1). (13) Estimated solution of (ve, i), where ve is
in km s−1 and i is in degree (see Sect. 5.2 for the details).
∗Actually, an arbitrarily increased value by 10% (0.189) was used for the (ve, i) solution search.
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lo
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β CMi
Figure 1. Plots of the 6 program stars on the log(L/L⊙) vs. log Teff
diagram, where the effective temperature (Teff ) was determined from
uvbyβ photometry (Sect. 2) and the bolometric luminosity (L) was
evaluated from the apparent visual magnitude (Table 1), Hipparcos
parallax (ESA 1997), Arenou, Grenon & Go´mez’s (1992) interstellar
extinction map, and Flower’s (1996) bolometric correction. Theoret-
ical evolutionary tracks corresponding to the solar metallicity com-
puted by Ekstro¨m et al. (2012) for six different initial masses (1.7,
2, 2.5, 3, 4, and 5 M⊙) are also depicted for comparison, where solid
lines and dashed lines correspond to the non-rotating models and the
rotating models (with 40% of the critical break-up velocity), respec-
tively.
c© 0000 RAS, MNRAS 000, 000–000
10 Y. Takeda, S. Kawanomoto, and N. Ohishi
Table 2. Computed models of rotating stars and the first-zero frequencies of Fourier transforms.
Code Rp Re Teff,p Teff,e 〈Teff 〉 ve sin i σ
He
1
σHe
1
/σcl
1
σ
Mg
1
σ
Mg
1
/σcl
1
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
m40r40t120v100i00 4.00 4.11 12000 11679 11854 0.0 1.938 · · · 2.304 · · ·
m40r40t120v100i10 11852 17.4 2.481 0.974 2.297 0.903
m40r40t120v100i20 11844 34.2 1.308 1.011 1.287 0.997
m40r40t120v100i30 11831 50.0 0.895 1.011 0.877 0.994
m40r40t120v100i40 11815 64.3 0.712 1.034 0.682 0.993
m40r40t120v100i50 11798 76.6 0.603 1.043 0.573 0.993
m40r40t120v100i60 11781 86.6 0.535 1.047 0.505 0.991
m40r40t120v100i70 11768 94.0 0.503 1.068 0.471 1.002
m40r40t120v100i80 11759 98.5 0.479 1.065 0.444 0.991
m40r40t120v100i90 11755 100.0 0.472 1.068 0.439 0.993
m40r40t120v150i00 4.00 4.25 12000 11257 11673 0.0 3.012 · · · 2.304 · · ·
m40r40t120v150i10 11667 26.0 1.688 0.993 1.702 1.004
m40r40t120v150i20 11650 51.3 0.900 1.043 0.868 1.008
m40r40t120v150i30 11622 75.0 0.634 1.075 0.592 1.006
m40r40t120v150i40 11586 96.4 0.503 1.096 0.456 0.997
m40r40t120v150i50 11546 114.9 0.424 1.100 0.384 0.999
m40r40t120v150i60 11507 129.9 0.364 1.068 0.342 1.007
m40r40t120v150i70 11473 141.0 0.344 1.096 0.310 0.989
m40r40t120v150i80 11450 147.7 0.321 1.072 0.299 0.998
m40r40t120v150i90 11442 150.0 0.315 1.068 0.292 0.991
m40r40t120v200i00 4.00 4.47 12000 10620 11421 0.0 1.938 · · · 2.304 · · ·
m40r40t120v200i10 11411 34.7 1.358 1.065 1.295 1.018
m40r40t120v200i20 11383 68.4 0.723 1.117 0.661 1.023
m40r40t120v200i30 11336 100.0 0.498 1.125 0.453 1.026
m40r40t120v200i40 11274 128.6 0.393 1.143 0.347 1.011
m40r40t120v200i50 11200 153.2 0.321 1.112 0.293 1.018
m40r40t120v200i60 11123 173.2 0.285 1.115 0.255 1.000
m40r40t120v200i70 11055 187.9 0.270 1.148 0.237 1.011
m40r40t120v200i80 11007 197.0 0.258 1.147 0.225 1.002
m40r40t120v200i90 10990 200.0 0.249 1.127 0.227 1.027
m40r40t120v250i00 4.00 4.78 12000 9689 11101 0.0 3.018 · · · 2.299 · · ·
m40r40t120v250i10 11089 43.4 1.156 1.134 1.057 1.039
m40r40t120v250i20 11051 85.5 0.616 1.189 0.538 1.043
m40r40t120v250i30 10986 125.0 0.425 1.199 0.367 1.038
m40r40t120v250i40 10893 160.7 0.338 1.228 0.288 1.049
m40r40t120v250i50 10775 191.5 0.279 1.206 0.237 1.029
m40r40t120v250i60 10644 216.5 0.249 1.220 0.215 1.053
m40r40t120v250i70 10520 234.9 0.231 1.229 0.195 1.038
m40r40t120v250i80 10429 246.2 0.227 1.265 0.191 1.063
m40r40t120v250i90 10395 250.0 0.219 1.238 0.182 1.032
m40r40t120v300i00 4.00 5.24 12000 8247 10730 0.0 1.932 · · · 2.310 · · ·
m40r40t120v300i10 10718 52.1 1.045 1.230 0.910 1.074
m40r40t120v300i20 10682 102.6 0.566 1.312 0.456 1.060
m40r40t120v300i30 10614 150.0 0.400 1.354 0.319 1.083
m40r40t120v300i40 10506 192.8 0.314 1.367 0.243 1.061
m40r40t120v300i50 10351 229.8 0.261 1.355 0.207 1.079
m40r40t120v300i60 10155 259.8 0.238 1.396 0.182 1.070
m40r40t120v300i70 9949 281.9 0.225 1.433 0.170 1.085
m40r40t120v300i80 9787 295.4 0.227 1.515 0.164 1.098
m40r40t120v300i90 9725 300.0 0.225 1.524 0.166 1.125
m40r40t120v350i00 4.00 5.89 12000 7204 10375 0.0 1.926 · · · 2.316 · · ·
m40r40t120v350i10 10370 60.8 1.016 1.395 0.830 1.142
m40r40t120v350i20 10352 119.7 0.548 1.481 0.421 1.141
m40r40t120v350i30 10316 175.0 0.387 1.532 0.286 1.132
m40r40t120v350i40 10250 225.0 0.308 1.564 0.225 1.147
m40r40t120v350i50 10126 268.1 0.255 1.544 0.197 1.193
m40r40t120v350i60 9936 303.1 0.239 1.640 0.178 1.222
m40r40t120v350i70 9705 328.9 0.234 1.737 0.164 1.219
m40r40t120v350i80 9504 344.7 0.230 1.795 0.166 1.296
m40r40t120v350i90 9422 350.0 0.236 1.870 0.166 1.319
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Table 2. (Continued.)
Code Rp Re Teff,p Teff,e 〈Teff 〉 ve sin i σ
He
1
σHe
1
/σcl
1
σ
Mg
1
σ
Mg
1
/σcl
1
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
m40r40t150v100i00 4.00 4.11 15000 14599 14816 0.0 1.932 · · · 2.329 · · ·
m40r40t150v100i10 14812 17.4 2.413 0.947 2.347 0.923
m40r40t150v100i20 14802 34.2 1.241 0.959 1.281 0.992
m40r40t150v100i30 14787 50.0 0.852 0.962 0.880 0.996
m40r40t150v100i40 14768 64.3 0.675 0.981 0.684 0.996
m40r40t150v100i50 14747 76.6 0.575 0.996 0.575 0.997
m40r40t150v100i60 14727 86.6 0.504 0.987 0.507 0.995
m40r40t150v100i70 14710 94.0 0.472 1.003 0.463 0.984
m40r40t150v100i80 14699 98.5 0.443 0.986 0.446 0.995
m40r40t150v100i90 14695 100.0 0.437 0.987 0.440 0.997
m40r40t150v150i00 4.00 4.25 15000 14071 14585 0.0 1.944 · · · 2.329 · · ·
m40r40t150v150i10 14578 26.0 1.602 0.943 1.690 0.997
m40r40t150v150i20 14556 51.3 0.839 0.973 0.853 0.991
m40r40t150v150i30 14523 75.0 0.593 1.005 0.585 0.994
m40r40t150v150i40 14479 96.4 0.467 1.016 0.459 1.003
m40r40t150v150i50 14431 114.9 0.393 1.021 0.386 1.004
m40r40t150v150i60 14383 129.9 0.344 1.011 0.334 0.983
m40r40t150v150i70 14342 141.0 0.320 1.018 0.310 0.991
m40r40t150v150i80 14314 147.7 0.297 0.991 0.300 1.003
m40r40t150v150i90 14304 150.0 0.291 0.986 0.292 0.993
m40r40t150v200i00 4.00 4.47 15000 13275 14262 0.0 1.944 · · · 2.334 · · ·
m40r40t150v200i10 14250 34.7 1.243 0.975 1.277 1.004
m40r40t150v200i20 14215 68.4 0.657 1.016 0.648 1.004
m40r40t150v200i30 14158 100.0 0.461 1.040 0.438 0.993
m40r40t150v200i40 14082 128.6 0.357 1.036 0.341 0.992
m40r40t150v200i50 13992 153.2 0.301 1.044 0.286 0.992
m40r40t150v200i60 13899 173.2 0.260 1.018 0.257 1.008
m40r40t150v200i70 13817 187.9 0.246 1.043 0.239 1.019
m40r40t150v200i80 13760 197.0 0.231 1.030 0.226 1.010
m40r40t150v200i90 13740 200.0 0.233 1.055 0.219 0.990
m40r40t150v250i00 4.00 4.78 15000 12111 13847 0.0 1.944 · · · 2.323 · · ·
m40r40t150v250i10 13832 43.4 1.012 0.992 1.025 1.008
m40r40t150v250i20 13785 85.5 0.557 1.077 0.518 1.003
m40r40t150v250i30 13705 125.0 0.376 1.061 0.353 0.999
m40r40t150v250i40 13590 160.7 0.290 1.055 0.273 0.995
m40r40t150v250i50 13447 191.5 0.252 1.091 0.231 1.002
m40r40t150v250i60 13288 216.5 0.218 1.067 0.208 1.020
m40r40t150v250i70 13139 234.9 0.209 1.110 0.188 1.000
m40r40t150v250i80 13031 246.2 0.194 1.079 0.183 1.019
m40r40t150v250i90 12992 250.0 0.194 1.097 0.185 1.045
m40r40t150v300i00 4.00 5.24 15000 10309 13347 0.0 1.938 · · · 2.328 · · ·
m40r40t150v300i10 13332 52.1 0.906 1.067 0.865 1.021
m40r40t150v300i20 13284 102.6 0.492 1.140 0.439 1.020
m40r40t150v300i30 13196 150.0 0.333 1.129 0.298 1.011
m40r40t150v300i40 13057 192.8 0.260 1.134 0.239 1.045
m40r40t150v300i50 12860 229.8 0.225 1.167 0.203 1.054
m40r40t150v300i60 12618 259.8 0.200 1.174 0.176 1.036
m40r40t150v300i70 12370 281.9 0.188 1.197 0.164 1.046
m40r40t150v300i80 12180 295.4 0.191 1.273 0.158 1.057
m40r40t150v300i90 12108 300.0 0.182 1.232 0.160 1.084
m40r40t150v350i00 4.00 5.89 15000 7384 12835 0.0 1.938 · · · 2.328 · · ·
m40r40t150v350i10 12828 60.8 0.876 1.203 0.780 1.074
m40r40t150v350i20 12807 119.7 0.467 1.264 0.396 1.075
m40r40t150v350i30 12766 175.0 0.326 1.290 0.276 1.093
m40r40t150v350i40 12683 225.0 0.258 1.314 0.213 1.084
m40r40t150v350i50 12517 268.1 0.221 1.342 0.182 1.106
m40r40t150v350i60 12264 303.1 0.203 1.389 0.172 1.183
m40r40t150v350i70 11964 328.9 0.197 1.465 0.158 1.175
m40r40t150v350i80 11710 344.7 0.193 1.505 0.160 1.249
m40r40t150v350i90 11608 350.0 0.193 1.530 0.151 1.199
(1) Model code (m**r**t***v***i**), which describes the adopted stellar mass (M), polar radius (Rp), polar effective temperature (Teff,p), equatorial rotation
velocity (ve), and inclination angle (i). For example, “m40r40t150v300i30” is the case of M = 4.0M⊙, Rp = 4.0R⊙, Teff,p = 15000 K, ve = 300 km s
−1, and
i = 30◦ . (2) Polar radius (in R⊙). (3) Equatorial radius (in R⊙). (4) Polar effective temperature (in K). (5) Equatorial effective temperature (in K). (6) Mean
effective temperature in K (which was derived by averaging the local effective temperature over the observed stellar disk while weighting according to the local
continuum intensity). (7) Product of ve and sin i (in km s
−1). (8) First-zero frequency of He 4471 (in A˚−1). (9) Ratio of σHe
1
to σcl
1
, where σcl
1
is the first-zero
frequency of classical rotational broadening function (see, e.g., Gray 2005), which is related to ve sin i as σ
cl
1
= 0.660/(λve sin i/c) (λ: wavelength, c: velocity of
light). (10) First-zero frequency of Mg 4481 (in A˚−1). (11) Ratio of σ
Mg
1
to σcl
1
.
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Figure 2. Synthetic spectrum fitting in the 4460–4490 A˚ region comprising He i 4471 and Mg ii 4481
lines, which was accomplished based on the conventional modeling (using the plane-parallel model
atmosphere and the classical rotational broadening function) by adjusting four parameters [A(He),
A(Mg), ve sin i, ∆λ; cf. Sect. 3.2]. The observed data are plotted by red symbols, while the best-fit
theoretical spectra are shown by blue solid lines. The spectra are arranged (from top to bottom) in
the ascending order of Teff as in Table 1, and a vertical offset of 0.1 is applied to each spectrum
relative to the adjacent one. The green crosses indicate the reference points of pseudo-continuum (cf.
Sect. 4.1), based on which the normalized line-depth profiles (to be used for calculating the Fourier
transforms) were computed.
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Figure 3. Equivalent widths (W ) of He i 4471 (blue) and Mg ii (red) plotted
against the effective temperature. The theoretical W values (computed for
models with Teff = 9000, 10000, 11000, 12000, and 13000 K, and log g = 2.5,
3.0, 3.5, and 4.0) are depicted by lines (solid lines: solar abundance, dashed
lines: overabundance by +0.5 dex), while the observed values for 6 program
stars are shown by symbols (open circles for He 4471 and crosses for Mg
4481). Note the markedly large dependence of W (He) upon Teff (increasing
with Teff ), whileW (Mg) is only weakly Teff -dependent (decreasing with Teff ).
Regarding the gravity dependence, W (He) tends to decrease with an increase
in log g (indicated in the figure), while the tendency is reversed for W (Mg).
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Figure 4. Fourier transform amplitudes [|f(σ)|] plotted against σ, for the observed profiles of He 4471 (blue) and
Mg 4481 (red). The positions of the first zero (σ1) are indicated by vertical dashed lines. (a) ζ Peg, (b) η Aqr, (c)
η Tau, (d) β CMi, (e) α Leo, and (e) 17 Tau.
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Figure 5. Theoretically synthesized spectra in the 4463–4487 A˚ region computed for six
representative models of v100i90, v200i30, v200i90, v300i20, v300i40, and v300i90 (the code
“v***i**” means ve = *** km s−1 and i = **◦), which were so chosen as to demonstrate
the three ve sin i cases of ∼ 100, ∼ 200, and 300 km s−1. The results for ve = 100, 200, and
300 km s−1 are depicted in brown, green, and blue, respectively. The upper panel (a) shows
the case for Teff,p = 12000 K, while the lower panel (b) is for Teff,p = 15000 K.
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Figure 6. Fourier transform amplitudes [|f(σ)|] plotted against σ, for the theoretical profiles of He 4471 (left
panels) and Mg 4481 (right panels) computed for six representative models (same as those shown in Fig. 5). The
upper panels (a) and (b) show the results for Teff,p = 12000 K, while the lower panels (c) and (d) are for Teff,p =
15000 K.
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Figure 7. The values of theoretical σ1, measured from the Fourier transforms of simulated spectra for
gravity-darkened models, are plotted against ve sin i. The results for He 4471 (left panels) and Mg 4481
(right panels) are shown in open and filled circles, respectively, where those corresponding to different ve
are discriminated by their size and color (larger symbol for higher ve). The solid line shows the classical
relation σ1 = 0.660/(λve sin i/c). The observed σ1 values for each of the six program stars are indicated by
horizontal dashed lines. The upper panels (a) and (b) show the results for Teff,p = 12000 K, while the lower
panels (c) and (d) are for Teff,p = 15000 K.
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Figure 8. Graphical display of contours in the (ve, i) plane, which were derived as
the solution satisfying the equation σobs1 = σ
th
1 (i, ve). The results for He 4471 and
Mg 4481 are shown in thinner blue traces and thicker red traces, respectively. From
top to bottom are arranged the panels for ζ Peg, η Aqr, η Tau, β CMi, α Leo, and
17 Tau, where each of the left-hand and right-hand panels are for Teff,p = 12000 K
and Teff,p = 15000 K, respectively. Note that, in deriving the results for η Aqr and
α Leo, the observed σHe1 values for He 4471 were arbitrarily increased by 10%, in
order to bring the solution to a determinable level.
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